雑微動の相互相関解析から推定された活火山浅部における地震波速度の時間変化 by Takano Tomoya
Temporal changes in seismic velocity of
shallow structures at active volcanoes as
inferred from analyses of ambient noise
correlations
著者 Takano Tomoya
number 84
学位授与機関 Tohoku University
学位授与番号 理博第3200号
URL http://hdl.handle.net/10097/00125448
（別紙様式５）                                       
論 文 内 容 要 旨 
(NO．1) 
氏  名 髙野 智也 提出年 平成 30 年 
学位論文の 
題   目 
Temporal changes in seismic velocity of shallow structures at active 
volcanoes as inferred from analyses of ambient noise correlations 
(雑微動の相互相関解析から推定された活火山浅部における地震波速度
の時間変化) 
 
 
 
 
論 文 目 次 
Acknowledgment i 
Abstract  ii 
Chapter 1  Introduction  1 
1.1 Temporal changes in seismic velocities  ............................................................................ 1 
1.1.1 Observation examples of seismic velocity changes through monitoring of  
noise correlations  .............................................................................................. 2 
1.1.2 Possible mechanisms of seismic velocity changes  .......................................... 4 
1.1.3 Wave properties of ambient noise and noise correlations ............................... 7 
1.2 Objective of the study........................................................................................................... 8 
Chapter 2  Depth dependence of stress sensitivity of seismic velocity changes  14 
2.1 Brief introduction of Izu-Oshima volcano ........................................................................ 14 
2.2 Data ..................................................................................................................................... 15 
2.3 Data analyses and characteristics of noise correlations ................................................. 15 
2.4 Result  ................................................................................................................................ 17 
2.4.1 Characteristics of seismic velocity changes  .................................................. 17 
2.4.2 Comparison of seismic velocity changes with areal strain changes  ........... 18 
2.4.3 Comparison of seismic velocity changes with precipitation  ........................ 19 
2.4.4 Comparison of seismic velocity changes with sea level  ............................... 21 
2.5 Discussion  ......................................................................................................................... 22 
2.5.1 Depth dependence of seismic velocity changes  ............................................. 22 
2.5.2 Spatial distribution of seismic velocity changes and areal strain 
changes  ............................................................................................................ 23 
2.5.3 Seismic velocity changes estimated by noise correlations at different 
components  ...................................................................................................... 24 
2.6 Summary  ........................................................................................................................... 24 
Chapter 3  Sensitivity of seismic velocity changes to the tidal strain at different lapse-times:  
（別紙様式５）                                       
Data analyses of a small seismic array at Izu-Oshima volcano  45 
3.1 Data  ................................................................................................................................... 45 
3.2 Methods  ............................................................................................................................. 46 
3.3 Result  ................................................................................................................................ 48 
3.3.1 Seismic velocity changes caused by the Earth tide  ...................................... 48 
3.3.2 Wave properties of correlations of ambient noise  ........................................ 48 
3.4 Discussion  ......................................................................................................................... 51 
3.4.1 Frequency dependent characteristics of the strain sensitivity  ................... 51 
3.4.2 Seismic velocity changes caused by the tidal strain within the small 
seismic array  ................................................................................................... 52 
3.4.3 Effect of diurnal variations on seismic velocity changes  ............................. 54 
3.5 Summary  ........................................................................................................................... 55 
Chapter 4  Velocity changes of ballistic waves using dense arrays on Piton de la Fournaise  74 
4.1 Data  ................................................................................................................................... 75 
4.2 Data Analysis .................................................................................................................... 75 
4.3 Results  ............................................................................................................................... 77 
4.4 Discussion  ......................................................................................................................... 78 
4.4.1 Effects of noise source distribution variations on the observed veloc- 
ity changes  ....................................................................................................... 78 
4.4.2 Precipitation  .................................................................................................... 79 
4.4.3 Daily velocity changes of coda waves  ............................................................ 80 
4.5 Summary  ........................................................................................................................... 81 
Chapter 5  Seismic velocity changes in response to different directions of tidal strain  95 
5.1 Data  ................................................................................................................................... 96 
5.2 Data analysis  .................................................................................................................... 97 
5.3 Result  ................................................................................................................................ 98 
5.4 Discussion  ......................................................................................................................... 98 
5.5 Summary  ........................................................................................................................ 100 
Chapter 6  Discussion  109 
6.1 Depth dependence of stress sensitivity of seismic velocity changes  .......................... 109 
6.1.1 Stress sensitivity of seismic velocity changes at different depths  ........... 109 
6.1.2 Interpretation of observed seismic velocity changes by the stress sen- 
sitivity  ........................................................................................................... 111 
6.2 Seismic velocity changes at active volcanoes in Japan  .............................................. 112 
6.3 Future works  ................................................................................................................. 114 
Chapter 7  Conclusion  123 
Appendix  Richardson-Lucy deconvolution  126 
Reference  129 
 
(NO．2) 
（別紙様式５）                                       
概要 
In recent years, temporal changes in seismic velocities associated with large earthquakes, 
volcanic activities, and environmental changes have been investigated by analyzing 
cross-correlation functions of ambient seismic noise, which represent Green's function of the seismic 
waves propagating between the two stations. The observed seismic velocity changes have 
qualitatively been discussed with the structural changes caused by, for example, damages of 
near-surfaces due to strong ground motions, static stress (or strain) changes, and changes of elastic 
constants caused by gas or fluid injection to the medium. However, it is necessary to quantitatively 
evaluate the contribution of each mechanism in the observed seismic velocity changes to further 
understand the physical properties of shallow and crustal structures and to monitor the structural 
changes to understand the earthquakes and volcanic activities. In this study, I give a focus on the 
static stress (or strain) effect on the seismic velocity changes at active volcanoes by using the Earth 
tide and volcano deformation. If we quantitatively estimate stress effects on seismic velocity 
changes, it will lead to evaluations of volcanic gas or fluid injection from a magma chamber, which 
are not detected by geodetic measurements on the ground surface. In order to correctly estimate the 
seismic velocity changes caused by static stress changes, we also pay attentions to the wave 
properties of cross-correlation functions of ambient noise. 
In Chapter 1, we summarize observation examples of seismic velocity changes, their 
possible mechanisms, objective of the study, and structure of this thesis.  
In Chapter 2, we estimate seismic velocity changes during the periods of volcano 
deformations at Izu-Oshima volcano, Japan, to investigate the depth dependence of seismic velocity 
changes caused by stress changes. We calculate the cross-correlations of ambient noise recorded by 
four seismic stations on the volcano from 1 January 2012 to 31 December 2015 at the frequency 
bands of 0.5-1 Hz, 1-2 Hz, and 2-4 Hz. Applying moving time windows to calculate cross spectrum 
between daily and reference cross-correlations functions of ambient noise, we estimate daily seismic 
velocity changes. Subsequently, we compare the seismic velocity changes with the areal strain 
changes calculated from GNSS data, precipitation, and sea height at the volcano, and indicate that 
the seismic velocity changes well correlate with the areal strain changes. By modeling the velocity 
changes of Rayleigh-wave based on the layered structure of Izu-Oshima, seismic velocity changes of 
about 1% are concentrated at the depths of less than 1 km. Therefore, we conclude that seismic 
velocity changes caused by the stress changes have depth dependent characteristics in this study 
area. 
In Chapter 3, we investigate seismic velocity changes in response to the tidal strain at 
Izu-Oshima volcano by analyzing the data of permanent seismic stations and a small seismic array 
at Izu-Oshima volcano. We estimate the seismic velocity changes by phase differences between 
cross-correlations functions of ambient noise stacked for time periods with different tidal strain 
amplitudes. The seismic velocity changes decrease and increase during dilatation and contraction 
periods, respectively, when analyzing the cross-correlations functions at 2-4 Hz at early lapse-times 
ranging from 2 to 7 s. The strain sensitivity of seismic velocity changes, which is estimated by 
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dividing the seismic velocity changes by the applied tidal strain, is (−2.1±0.2)×104 strain-1 at the 
early lapse-times. However, we find that the strain sensitivity of seismic velocity changes decreases 
with increasing lapse-times of cross-correlations. From an array analysis to the cross-correlation 
functions, we estimate apparent velocities of about 1 km/s at the early lapse-times and those of 
higher than 1 km/s at the late lapse-times. Since the group velocity of Rayleigh-wave at 2-4 Hz is 
1.1 km/s at the volcano, the apparent velocities at the late lapse-times suggest the scattered or 
reflected body waves incident from a deeper region. Decrease of the strain sensitivity with 
lapse-times, therefore, is inferred to result from the emergence of body waves on the late 
lapse-times. 
In Chapter 4, we investigate velocity changes of ballistic waves that are recovered from 
cross-correlations functions of ambient noise recorded at a dense array at Piton de la Fournaise 
Volcano in la Réunion island, France. We use two dense arrays, each of which is equipped with 49 
vertical-component geophones. By applying a tapered window to the target Rayleigh-wave and 
P-waves in the cross-correlations separately, we measure temporal changes in the apparent velocity 
of ballistic waves. During the array observation, we observe 2.4% velocity increase and 0.6% 
velocity decrease of Rayleigh-waves at frequency band of 0.5-1 Hz and 1-2 Hz, respectively, and 
2.2% velocity decrease of refracted P-waves at the frequency band of 6-12 Hz. We explain that these 
seismic velocity changes are attributed to the strain changes associated with inflation of a magma 
pressure source at shallow depth.  
In Chapter 5, we estimate the seismic velocity changes in response to different directions of 
the tidal strains. We investigate the seismic velocity changes in response to the Earth tide at six 
active volcanoes in Japan. Strain sensitivities of seismic velocity changes vary in different 
directions of the tidal strains. The azimuths of station-pairs correlate with the direction of the tidal 
strain when the strain sensitivity of seismic velocity changes becomes negative maximum values, 
which is consistent with the finite deformation theory. 
In Chapter 6, we discuss the stress sensitivity of seismic velocity changes based on the 
confining pressure. By comparing the stress sensitivity of seismic velocity changes reported in 
previous studies, we find that the seismic velocity changes are concentrated in the shallow depths 
because of increase of confining pressure. Moreover, we estimate the velocity changes 
systematically on active volcanoes in Japan to investigate the relationship between seismic velocity 
changes and volcano deformation on active volcanoes. We then outline some avenues for future 
studies.  
In this thesis, I have investigated seismic velocity changes at shallow structures of active 
volcanoes based on analyses of observation data. Our results highlight the need to pay attention to 
wave types of cross-correlations of ambient noise and their paths when interpreting seismic velocity 
changes. Moreover, we found that the stress sensitivity of seismic velocity changes decreases with 
increasing confining pressure by comparing the velocity changes at Izu-Oshima with the stress 
sensitivity estimated by previous studies. These results can be useful to separate the contribution of 
static stress changes to the observed seismic velocity changes. 
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大地震の発生や火山活動に伴って浅部構造の地震波速度が数％程度変化することは、地下の応
力（歪み）変化、強震動による地盤損傷、降雨などが影響していると考えられている。しかし、
それぞれの要因による影響を定量評価はなく、また解析対象となる地震波の経路や種類が不明な
ため、定性的な解釈にとどまっていた。本論文は、応力（歪み）に焦点を当てるとともに、解析
対象の地震波の特性を考慮しながら活火山地域の浅部構造の地震波速度の応力依存性を調べた。 
伊豆大島の地震観測点を利用し、0.5－4 Hz の雑微動を解析した。2 観測点を伝播する地震波に
相当する相互相関関数を求め地震波速度変化量を測定した結果、測地観測データにより示される
火山体の歪みの変動と時間的によく相関し、地震波速度は深さ 1km 以浅で変化したと推定された。
続いて、地球潮汐を外力として解析し、表面波の直達波到達付近は構造の膨張・収縮に対応して
速度変化する一方、地下深部を多重散乱した実体波が卓越するコーダ波部では地震波速度の応力
依存性が弱くなることを明らかとした。レイ・ユニオン島火山において、2 つの稠密地震計アレ
ー記録の解析から、観測期間中に、直達 P 波速度が増加する一方、レーリー波速度が低下したこ
とを示し、火山性圧力源の膨張により浅部構造は収縮、深部は膨張となることで説明できるとし
た。地球潮汐による応力の載荷方向と 2 観測点を結ぶ方向との角度差に地震波速度変化量が依存
すること見つけ、一軸応力の有限歪み理論で説明できる可能性を指摘した。 
 また、地震波速度変化量が封圧に反比例するという粒子モデルで説明できることを示すととも
に、波動特性やノイズ源分布を正確に把握することが定量的理解に不可欠であることを実証した。 
 以上の内容は、自立して研究活動を行うに必要な高度の研究能力と学識を有することを示して
いる。したがって，高野智也提出の博士論文は，博士（理学）の学位論文として合格と認める。 
